UNITED STATES PATENT APPLICATION 



for 



CIRCUIT SIMULATION USING ENCODING OF REPETITIVE 

SUBCIRCUITS 



Inventors: 



John Xiaoxiong Zhong 



prepared by: 

BLAKELY, SOKOLOFF, TAYLOR & ZAFMAN LLP 
12400 Wilshire Boulevard 
Los Angeles, CA 90025-1026 
(408) 720-8598 

File No.: 004162.P004 



EXPRESS MAIL CERTIFICATE OF MAILING 

"Express Mail" mailing label number:. 

Date of Deposit: l|?>o/XH 

I hereby certify that I am causing this paper or fee to be deposited with the United States Postal 
Service "Express Mail Post Office to Addressee" service on the date indicated above and that this 
paper or fee has been addressed to the Assistant Commissioner for Patents, Washington, D. C. 20231 

Mara g.aroiow 

(Typed or printed name of person mailing paper or fee) 
(Signature of person mailing paper or fee) 
(Date signed 



# # 



CIRCUIT SIMULATION USING ENCODING OF REPETITIVE 
SUBCIRCUITS 



FIELD OF THE INVENTION 

The present invention relates to the field of circuit simulation; more 
particularly, the present invention relates to performing circuit simulation 
on circuits with repetitive subcircuits by using an encoded representation of 
the subcircuits. 



u 10 BACKGROUND OF THE INVENTION 

I 

% 5 There are a number of prior art techniques to simulate large circuits 

IP 

' y with repetitive sub-circuits (e.g., a memory array). To simulate such circuits, 

the state of every circuit element must be represented. Some of these 

j;3 techniques include hierarchical circuit simulation, symbolic simulation, and 

■ * 1 5 symbolic model checking. 

In hierarchical circuit simulation, repetitive sub-circuits states are 
stored in a hierarchical form with each sub-circuit being evaluated n times if 
there are n instances of the subcircuits. However, there is still an explicit 
record for the state of every circuit node. 
20 In symbolic simulation, symbolic encoding is used to describe the 

state of a circuit over many operating conditions. After using symbolic 
encoding, symbolic evaluation is used so that each circuit element computes 




3 

the behavior of each element for all of the encoded state cases. Each 
evaluation only computes the behavior of one instance of a circuit element. 
There is an explicit record of the state of every circuit node. 

In a symbolic model checking, the set of all possible system states is 
5 encoded symbolically. Symbolic evaluation is used to determine the effect 
of each possible state transition for each of these possible states. Even so, 
there is an explicit representation of every circuit state variable. 

There are other prior art techniques to handle larger circuits with 
repetitive sub-circuits for other purposes. For example, Design Rule 
1 0 Checking (DRS) is one of these techniques. In performing DRC on a large 
circuit, hierarchical information is exploited to take advantage of the 
repetitive circuit structures to speed up the checking. However, DRC does 
not require the recording of states of circuit elements dynamically. 



QITMMARY P * INVENTION 

A method and apparatus for simulating a circuit is described. In one 
embodiment, the method comprises representing a pluraUty of identica. 
component, in a reduced form as a circuit having a single instance of the 
5 identica! component with encoding for each input of the single instance to 
represent corresponding inputs to all of the plurality of identical 
components and decoding for each output port of the single instance to 
create output ports for the outputs associated with all of the plurality of 
identica. components and symbolically simulating the reduced form of the 
, o circuit with simulation results being the same as results of symbolically 
simulating the plurality of identical components. 



MUU _ I! r CT irTmH ™ T " F "bawings 

The present invention will be understood more rally from the 
fettled description given below and from the accompanying drawings of 
various embodiments of the invention, which, however, should not be taken 
5 ,o limit the invention to the specific embodiments, but are for explanauon 
and understanding only. 
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1 graphically depicts such a multiple instantiation of 



Figure 2 is a graphical depiction of the application of the above 
technique. 

Figure 3 A and 3B illustrate an exemplary circuit before and after 
1 5 encoding/decoding, respectively. 

Figure 4 is a block diagram of an exemplary computer system. 



prT , ,, m ^wtbitTION OF THEPRESEKUMyENHOH 

The general purpose of the present invention is to be able to perform 
symbolic or binary simulation on large circuits wth repetitive sub-circuits 
through symbolic encoding of the circuit elements (e.g., nets, ports, etc.) and 
then utilize symbolic simulation to simulate the reduced, encoded form of 

the circuit. 

Although symbolic encoding has been used to encode the state space 
of systems (e.g., circuits) for symbolic model checking and equivalence 
checking, to compensate for the fact that a circuit with n circuit elements can 
, have T states, the technique described herein encodes the circuit itself, so 
that a circuit with n elements could be represented and simulated with data 
structures that are asymptotically smaller than (e.g., log (n)). Using this 
technique and symbolic simulation achieves a doubly exponential reduction 
m verification complexity. Furthermore, by combining this technique with 
5 symbolic simulation, a doubly exponential reduction in verification 

complexity is achieved. 

In the following description, numerous details are set forth to provide 
a thorough understanding of the present mvention. It will be apparent, 
however, to one skilled in the art, that the present invention may be 



practiced without the* specific details. In other instances, well-known 
structures and devices are shown in block diagram form, ramer than in 
detail, in order to avoid obscuring the present invention. 

Some portions of the detailed descriptions which foUow are presented 
in terms of algorithms and symbolic representations of operations on data 
bits within a computer memory. These algorithmic descriptions and 
representations are the means used by those skilled in the data processing 
arts to most effectively convey the substance of their work to others skilled 
in the art. An algorithm is here, and generally, conceived to be a self- 
consistent sequence of steps leading to a desired result. The steps are those 
requiring physical manipulations of physical quantities. Usually, though 
no. necessarily, these quantities take the form of electrical or magnetic 
signals capable of being stored, transferred, combined, compared, and 
otherwise manipulated. It has proven convenient at times, principally for 
, reasons of common usage, to refer to these signals as bits, values, elements, 
symbols, characters, terms, numbers, or the like. 

It should be borne in mind, however, that all of these and similar 
terms are to be associated with the appropriate physical quantities and are 
merely convenient labels applied to these quantities. Unless specifically 
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stated otherwise as apparent from the following discussion, it is appreciated 
that throughout the description, discussions utilizing terms such as 
"processing" or "computing- or "calculating" or "determining" or 
"displaying" or the like, refer to the action and processes of a computer 
5 system, or similar electronic computing device, that manipulates and 
transforms data represented as physical (e,ectronic) quantities within the 
computer system's registers and memories into other data similarly 
represented as physical quantities wrthin the computer system memories or 
registers or other such information storage, transmission or display device, 
, o The present invention also relates to apparatus for performing the 

operations herein. This apparatus may be specially constructed for the 
required purposes, or it may comprise a general purpose computer 
selectively activated or reconfigured by a computer program stored in the 
computer. Such a computer program may be stored in a computer readable 
, 5 storage medium, such as, but is not limited to, any type of disk including 
floppy disks, optical disks, CD-ROMs, and magnetic-optical disks, read-only 
memories (ROMs), random access memories (RAMs), EPKOMs, EEPROMs, 
magnetic or optica, cards, or any type of media suitable for storing electronic 
instructions, and each coupled to a computer system bus. 



# • 

9 

The algorithms and displays presented herein are not inherently 
related to any particular computer or other apparatus. Various general 
purpose systems may be used with programs in accordance with the 
teachings herein, or it may prove convenient to construct more specialized 
apparatus to perform the required method steps. The required structure for 
a variety of these systems will appear from the description below. In 
addition, the present invention is not described with reference to any 
particular programming language. It will be appreciated that a variety of 
programming languages may be used to implement the teachings of the 
invention as described herein. 

A machine-readable medium includes any mechanism for storing or 
transmitting information in a form readable by a machine (e.g., a computer). 
For example, a machine-readable medium includes read only memory 
("ROM"); random access memory ("RAM"); magnetic disk storage media; 
optical storage media; flash memory devices; electrical, optical, acoustical or 
other form of propagated signals (e.g., carrier waves, infrared signals, digital 
signals, etc.); etc. 
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The Encoding Algorithm 

Assume a sub-circuit or submodule M (in Verilog HDL terminology) 
with k input ports (II, Ik) and m output ports (OI, Om) is instantiated 
n+1 times, with each instance being labeled as (INSTO, INSTn). 
5 Furthermore, for each input port Ii, it is assumed that nets NINi_j, where j = 
0, n, are portmapped to port Ii for each instance INSTj. Notice that for 
each fixed i, there might be 0<=jl<=n and 0<=j2<=n, such that NINijl and 
_f NINi_j2 are the same. Similarly, for each output port Oi, it is assumed that 

nets NOUTij, where j = 0, n, are portmapped to port Oi. Figure 1 
1 0 graphically depicts such a multiple instantiation of submodule M. 

If 1 = log2(n+l) formal variables Fl, .., Fl and the bit vector (Fl, Fl) 
value is denoted as F, then intuitively, INSTi may be encoded as F==i. For 
example, INSTI is encoded as one bit vector (0, 0, 0, 1). Furthermore, for 
each input port Ii, a new net referred to herein as PINi is portmapped to Ii. 
1 5 The value of PINi is encoded as part of the encoding process as: 

PINi = (NINiJ) && F==0) || (NINi_l && F==l) || ... || (NINi_n && F==n) 



=0 



s 

o 



where "&&" represents a logical AND and "||" represents a logical OR. 
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Snarly, for each output port Oi, a new ne. referred to herein as 
POUTi is portmapped to Oi. The value of NOUTiJ - decoded back as par, 
of the output decoding process as: 

NOUTLj = POUTi cofactoredby (F=j). 

Notice that in the above technique, if there is more than one output 

porttiedtothesameneU.e.sayportsNOUTiUl NOUTiuJu, where 

pair S (i 1 , il ),...,(iu,iu)aredifferentfromeach„therand'u' is greater than i, 

are tied to a net N, an appropriate tristate multi-driver resolution is used to 

resolve the value of net N from values of its drivers NOUTiljl 

NOUTiu ju. Such a resolution may be dependent on the application and 
,anguages. For examp.e, if the above technique is applied to Verilog 
hardware description language simulation, the multi-driver resolution 
5 should obey the semantics denned by Verilog Language Reference Manual. 

The above technique could be also applied to a subcircui. which has 
W ports. One could first use a standard technique to split an W 
port r to an 'input' port 'Pin' and an 'output' port 'Pout', where all of the 
uses/drivers of V in the subcircui. are replaced by the 'input' port 'Pin' 
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while all of the appearance of 'P' as being driven or left hand side is replaced 
by the 'output 7 port Tout'. 

As a result of the application of the above technique, the n+1 
instances of M are compressed into a single instance whose input ports are 
mapped to encoded nets and whose output values are decoded back to 
actual nets. 

Figure 2 is a graphical depiction of the application of the above 
technique. Referring to Figure 2, the states of each sub-circuit instance of 
INSTO, INSTn are implicitly encoded as the input ports as described 
above. For example, assume there is a net 'N' in sub-circuit M, since M is 
instantiated n+1 times, there are n+1 instances of 'NT, namely NO, Nl, Nn. 
Using the above encoding, a single net 'N' is instantiated and its value is ' 
encoded as: 

N = (NO && F==0 )||(N1 && Fl == 1)|| ... \\(Nn && F==n) 

Similarly, each output port from the single instance of subcircuit M is 
decoded back to multiple output ports, one for each of the n+1 instances of 
subcircuit M. 
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Once the encoding and decoding have been created, the input 
encoding, the output decoding and the single instance of subcircuit M may 
be simulated. Symbolic simulation for the instance of M is performed and 
the non-compressed values for the output ports are obtained by the 
5 decoding process. 

Figure 3A illustrates an example circuit having three two input 
NAND gates prior to encoding. To encode these 3 instances requires 2 
formal variables, referred to herein as f2, fl, where 2 is the ceiling of log 2 3. 
Furthermore, let F[2:l] = {f2, fl} be the bit vector. 
1 0 Intuitively, the first instantiation of the NAND gate is encoded with 

F[2:l] = 00, the second instantiation of the NAND gate is F[2:l] =01 and the 
third instantiation of the NAND gate is F[2:l] = 10. The corresponding 
boolean encoding formulae are ~f2&&~fl, ~f2&&fl, f2&&~fl respectively. 

To execute/ simulate the circuit in Figure 3 A, assume at some 
1 5 simulation snapshot that the value of signal s is val(s), the following are the 
values of the two encoded pins il and i2: 



val(ilM~f2&&~fl&&val(wl) | | ~f2&&fl&&val(ul) | | f2&&~fl&&val(vl)) 
val(i2)=(~f2&&~fl&&val(w2) j j ~f2&&fl&&val(u2) | | f2&&~fl&&val(v2)) 

20 



In 
*'0 
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With above il and i2 being updated with the encoded values, the value of 
output o is 

val(o) = ~(val(il) && val(i2)) 

5 

With the substitution of the values, one could verify that 

val(ol) = val(o) | {f2=0, fl=0} = ~(val(wl) && val(w2)) 
val(o2) = val(o) | {f2=0, fl=l} = ~(val(ul) && val(u2)) 
1 0 val(o3) = val(o) | {f2=l, fl=0} = ~(val(vl) && val(v2)) 

Figure 3B illustrates the circuit of Figure 3A after encoding and decoding. 

The encoding process and decoding process may be implemented 

using techniques other than binary encoding/ decoding. For example, one 

1 5 could use ternary encoding/ decoding. The only constraint in the choice of 
an encoding process is that the final encoded values for the inputs should be 
consistent to the underlying symbolic simulation or formal manipulation. 
That is, the encoding process and the decoding process are consistent with 
each other. For example, if a symbolic simulation is performed using BDD 

20 (Binary Decision Diagram) for encoding the value states, then the PINi value 
should be converted to BDD also to enable the underlying engine to operate 
on them consistently. On the other hand, if the underlying simulation 
engine is using MTBDD (multi-terminal BDD), the encoding process 



• # 

15 

converts the PINi value to MTBDD and the corresponding decoding process 
converts the computed value back to binary. 

Hierarchically Symbolic Encoding/Decoding of Circuits 

If a circuit has multiple hierarchies of subcircuits, the above 
compression can be invoked hierarchically. For example, a circuit with top 
level subcircuit 'top' which has k instances of subcircuit 'M' while subcircuit 
'M' has n instances of subcircuit 'C could be compressed into a circuit 'top' 
which has 1 instance of compressed subcircuit 'Mcompressed' which in turns 
has 1 instance of compressed subcircuit 'Ccompressed'. 'Mcompressed' and 
'Ccompressed' at their respective hierarchies are encoded and decoded 
based on the above process. The total number of formal variables required 
in such a case would be is log2(m)+log2(n). 

Symbolic Simulation of the Encoded/Compressed Circuit 

The single instance of a submodule or subcircuit, with its input 
encoding and output decoding, may be simulated in a symbolic simulator, 
coupled with symbolic variables used to encode the values of the inputs of a 
circuit. For example, if the circuit is driven by 'm* symbolic bit variables SI, 
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Sm while the circuit is also encoded by using T formal variables Fl, Fl, 
symbolic simulation may be performed on the single instance of the circuit 
using only 'm+l' symbolic variables 'SI, Sm, Fl, Fl'. 

Applications 

The technique described above may be incorporated in a symbolic 
circuit simulator, in a switch level timing simulator, in a formal equivalence 
or model checking environment, and in a binary simulation for FPGA or 
even arbitrary circuit which could be synthesized and compressed into 
repetitive subcircuits. 

Furthermore, the technique described herein could be even used in 
executing larger complicated software with many repetitive 
concurrent/ parallel components such as processes. In such a situation, 
concurrent processes values could be again encoded/ decoded based on their 
labeling and after such encoding, symbolically executing only one process to 
achieve the same effect of executing these many processes concurrently. 

The present invention provides a number of advantages over the 
prior art. For example, the present invention allows for symbolically 
encoding to compress arbitrary repetitive sub-circuits, while the prior art 
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techniques described above are restricted to a very regular, symmetric, or 
isomorphic circuit structures. The present invention also allows simulating 
very large size of circuit. In general, an exponential reduction could be 
achieved so that a circuit with n elements, along with all of its state, can be 
represented by data structures of size log 2 (n). 

Furthermore, the present invention achieves better runtime than 
techniques in the prior art by symbolically simulating the encoded circuit 
since states of circuit elements are compactly represented symbolically and 
operations could be performed symbolically. 

Figure 4 is a block diagram of an exemplary computer system that 
may perform one or more of the operations described herein. Referring to 
Figure 4, computer system 400 may comprise an exemplary client 450 or 
server 400 computer system. Computer system 400 comprises a 
communication mechanism or bus 411 for communicating information, and 
a processor 412 coupled with bus 411 for processing information. Processor 
412 includes a microprocessor, but is not limited to a microprocessor, such 
as, for example, Pentium™, PowerPC™, Alpha™, etc. 

System 400 further comprises a random access memory (RAM), or 
other dynamic storage device 404 (referred to as main memory) coupled to 
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bus 411 for storing information and instructions to be executed by processor 
412. Main memory 404 also may be used for storing temporary variables or 
other intermediate information during execution of instructions by 
processor 412. 

Computer system 400 also comprises a read only memory (ROM) 
and/ or other static storage device 406 coupled to bus 411 for storing static 
information and instructions for processor 412, and a data storage device 
407, such as a magnetic disk or optical disk and its corresponding disk drive. 
Data storage device 407 is coupled to bus 411 for storing information and 
instructions. 

Computer system 400 may further be coupled to a display device 421, 
such as a cathode ray tube (CRT) or liquid crystal display (LCD), coupled to 
bus 411 for displaying information to a computer user. An alphanumeric 
input device 422, including alphanumeric and other keys, may also be 
coupled to bus 411 for communicating information and command selections 
to processor 412. An additional user input device is cursor control 423, such 
as a mouse, trackball, trackpad, stylus, or cursor direction keys, coupled to 
bus 411 for communicating direction information and command selections 
to processor 412, and for controlling cursor movement on display 421. 
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Another device that may be coupled to bus 411 is hard copy device 
424, which may be used for printing instructions, data, or other information 
on a medium such as paper, film, or similar types of media. Furthermore, a 
sound recording and playback device, such as a speaker and /or microphone 
may optionally be coupled to bus 411 for audio interfacing with computer 
system 400. Another device that may be coupled to bus 411 is a 
wired/ wireless communication capability 425 to communication to a phone 
or handheld palm device. 

Note that any or all of the components of system 400 and associated 
hardware may be used in the present invention. However, it can be 
appreciated that other configurations of the computer system may include 
some or all of the devices. 

Whereas many alterations and modifications of the present invention 
will no doubt become apparent to a person of ordinary skill in the art after 
having read the foregoing description, it is to be understood that any 
particular embodiment shown and described by way of illustration is in no 
way intended to be considered limiting. Therefore, references to details of 
various embodiments are not intended to limit the scope of the claims which 
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in themselves recite only those features regarded as essential to the 
invention. 



